Methods. We use observational data from the Centers for AIDS Research Network of Integrated Clinical Systems and the Centers for Disease Control and Prevention to estimate 4-year risk of AIDS and all-cause mortality among 415 patients starting a raltegravir regimen compared to 2646 starting an efavirenz regimen (both regimens include emtricitabine and tenofovir disoproxil fumarate). We account for confounding and selection bias as well as generalizability by standardization for measured variables, and present both observational intent-to-treat and per-protocol estimates.
The comparative effectiveness of human immunodeficiency virus (HIV) treatment regimens containing the integrase inhibitor raltegravir (RAL) has been demonstrated in randomized experiments [1, 2] , at least in terms of 1-to 5-year HIV virologic control. Given favorable short-term virologic control, integrase inhibitorcontaining regimens have become the preferred initial treatment options in many resource-rich countries, such as the United States [3] . However, there has not yet been extensive investigation of longer-term comparative effectiveness, especially in terms of clinical endpoints such as HIV disease progression or mortality.
Using data from the National Institutes of Health-funded Centers for AIDS Research Network of Integrated Clinical Systems (CNICS) cohort, we estimate the 4-year risk of AIDSdefining illness or mortality for HIV-infected adults initiating a regimen of RAL with emtricitabine (FTC) and tenofovir disoproxil fumarate (TDF), compared to those initiating a regimen of the nonnucleoside reverse transcriptase inhibitor efavirenz (EFV) with the same backbone of FTC and TDF. We compare risk of incident AIDS or death accounting for measured differences in patient characteristics at treatment initiation, as well as measured differences between the CNICS cohort and the US population of HIV-infected adults, as estimated by the Centers for Disease Control and Prevention (CDC) [4] . Based on the favorable short-term evidence, we hypothesize that the RAL-containing regimen will provide improved 4-year outcomes compared to the comparator EFV-containing regimen.
HIV-infected adults aged 18 or older who attended a second HIV primary care visit at one of 8 History of antiretroviral therapy is collected at CNICS entry and patients were classified as antiretroviral naive if no evidence of prior treatment was obtained. We also excluded the 1335 patients who did not have a detectable (ie, >50 copies/mL) HIV-1 RNA viral plasma concentration measured within 180 days before to 14 days after treatment initiation, because an undetectable viral load may be indicative of unreported prior treatment. Finally, to allow control for possible bias, we excluded 270 patients (8%) due to missing data for race/ethnicity, male sex with men, injection drug use, or baseline CD4 cell count.
Endpoint Ascertainment
The outcome of interest was a first diagnosis of an AIDSdefining illness after treatment initiation, or mortality from any cause. AIDS-defining illnesses were based on the 1993 CDC clinical conditions criteria [6] . Dates of diagnoses of AIDSdefining illnesses are recorded in the electronic medical record at each site and verified before upload to CNICS. Dates of deaths are obtained from semiannual site-specific queries to the US Social Security Death Index and/or National Death Index.
Target Population
We generalize the estimated comparative effectiveness of RALvs EFV-containing treatment regimens in CNICS to a target population defined by all persons with HIV infection in the United States diagnosed in 2008 through 2014. The number of HIV-diagnosed persons in categories defined by race/ethnicity, sex, age group, and likely mode of transmission (ie, male sex with men, injection drug use) was provided by the CDC from national HIV surveillance data and accounts for missing information [4, 7, 8] .
Statistical Methods
We compared the 4-year cumulative risk of incident AIDS or death for the RAL-and EFV-containing regimens using a treatment-decision design [9] , where we restricted analyses to new users of treatment [10] . The design mimics a doubly randomized experiment where patients are randomly sampled from the target population and randomly allocated to either the RALcontaining regimen or the active comparator EFV-containing regimen [11] .
Of course, the CNICS patients were neither randomly sampled from the US HIV-infected population, nor was treatment allocated at random. Therefore, we account for nonrandom sampling and treatment allocation to the extent possible using measured variables. We estimate the observational analogue to the intent-to-treat effect of starting regimens regardless of subsequent treatment changes [12] , as well as the per-protocol effect of remaining on initial treatment [13] .
Patients were followed from treatment initiation until first AIDS-defining illness, death, leaving observation (ie, dropouts), or administrative censoring at either 4 years after treatment initiation or 1 October 2015. To allow for possible 12-month visit intervals, patients were considered to have left observation after 18 months without a documented contact (ie, laboratory measurement or diagnosis). For the observational analogue of the per-protocol effect, patients were additionally censored at any change in treatment regimen. Two treatment regimen changes that were considered exceptions were a change from the RAL regimen to another integrase inhibitor-based regimen (including fixed-dose combination of elvitegravir, cobicistat, TDF, and FTC (FDA approved August 2012) or dolutegravir, TDF, and FTC (FDA approved August 2013), as well as a change from the EFV regimen to the nonnucleoside reverse transcriptase inhibitor regimen of rilpivirine, TDF, and FTC (FDA approved August 2011).
Risk of incident AIDS or death for each treatment regimen was estimated using the complement of the inverse probability (IP)-weighted Kaplan-Meier curve as a function of time since treatment initiation [14] . Treatment groups were compared using the hazard ratio (HR) and robust 95% confidence intervals (CIs) from Cox proportional hazards models [15] , IP weighted to account for nonrandom sampling, treatment allocation, and dropout [16] . Treatment groups were also compared using the 4-year risk (probability) differences, with 95% CIs estimated from the standard deviation of 500 nonparametric bootstrap samples [17] . Time-fixed covariates included in our analysis were sex, race/ethnicity, age, history of male sex with men, history of injection drug use, a diagnosis of depression or anxiety, CD4 cell count, viral load, prevalent AIDS status, and calendar year, all measured at treatment initiation. Time-varying covariates, used to account for possible bias due to leaving observation and treatment changes, included annually updated CD4 cell count and viral load. Details of the estimation of IP weights and the conditions under which these methods provide unbiased (technically, consistent) estimates of risk are provided in the Supplementary Appendix. We also provide the bounds [18, 19] for the treatment effect, which, while wide, apply regardless of unmeasured bias due to confounding or selection bias.
With 415 and 2646 patients in the RAL and EFV groups, respectively, and 196 endpoints in the EFV group, a 4-year risk ratio of 0.47 yields 80% statistical power for a 2-sided Wald test with type 1 error of 0.05, with expected standard error of 0.27 and expected 95% CI of .28-.80. SAS software version 9.4 (SAS Institute, Cary, North Carolina) was used for analyses.
RESULTS
Compared to the 2646 patients in the EFV group, the 415 patients in the RAL group were older, with higher CD4 cell counts, and were more likely to be female, inject drugs, and have a diagnosis of depression/anxiety or AIDS (Table 1 ). Compared to the 296 073 persons with HIV diagnosed between 2008 and 2014 in the United States, the 3061 patients in the CNICS sample were older and less likely to be female and black or Hispanic.
During the 4-year follow-up period, 25 of the 415 (6%) patients on RAL received a diagnosis of an AIDS-defining illness and 14 (3%) died. Of the 2646 patients receiving EFV, 144 (5%) were diagnosed with an AIDS-defining illness and 52 (2%) died. Dropout was similar across the treatment groups with 23% (94/415) of the RAL group and 24% (647/2646) of the EFV group leaving follow-up event-free before 4 years. Details of patient follow-up are provided in Supplementary Figure 1 The crude intent-to-treat 4-year risk of incident AIDS or death from any cause, as a function of time from treatment initiation, was 9.9% among those who started the RAL regimen and 8.1% among those who started the EFV regimen, as shown in the upper left panel of Figure 1 . The crude intent-to-treat 4-year risk difference was 1.8 (95% CI, −1.4 to 5.0), and the hazard ratio was 1.32 (95% CI, .94-1.87; Table 2 ). The bounds for all possible values of the 4-year risk difference under no assumptions about confounding or selection bias were -35% under the best-case scenario for RAL, and 65% under the worst-case scenario for RAL (Supplementary Figure 2) .
After accounting for nonrandom sampling, treatment allocation, and dropout, the IP-weighted intent-to-treat 4-year risk of incident AIDS or death from any cause was 8.4% among those who started the RAL regimen and 9.3% for those who started the EFV regimen, as shown in the upper right panel of Figure 1 . The IP-weighted intent-to-treat 4-year risk difference was −0.9 (95% CI, −4.5 to 2.7), and the hazard ratio was 0.96 (95% CI, .63-1.45; Table 2 ). Changes in the intent-to-treat hazard ratio due to each of nonrandom sampling, treatment allocation, and dropout are detailed in Supplementary Table 1 .
Eighteen percent (76/413) of the RAL group, and 8% (201/2646) of the EFV group, had a protocol-allowed treatment change before incurring an outcome or completing the study. Twenty percent (84/415) of the RAL group, and 28% (733/2646) of the EFV group, had a protocol-ending treatment change before incurring an outcome or completing the study. In the observed data, the crude per-protocol 4-year risk of incident AIDS or death from any cause, as a function of time from treatment initiation, was 8.6% among those in the RAL group and 6.5% for those in the EFV group, as shown in the lower left panel of Figure 1 . The crude perprotocol 4-year risk difference was 2.1 (95% CI, −1.0 to 5.1), and the HR was 1.41 (95% CI, .96-2.07; Table 2 ). After accounting for nonrandom sampling, treatment allocation, dropout, and treatment changes, the IP-weighted perprotocol 4-year risk of incident AIDS or death from any cause was 7.2% among those who started the RAL regimen and 7.7% for those who started the EFV regimen, as shown in the lower right panel of Figure 1 . The IP-weighted per-protocol 4-year risk difference was −0.5 (95% CI, −3.8 to 2.9), and the HR was 0.95 (95% CI, .59-1.54; Table 2 ). Changes in the per-protocol HR due to each of nonrandom sampling, treatment allocation, dropout, and treatment changes are detailed in Supplementary Table 1 .
DISCUSSION
In a large multisite clinical cohort, we first observed apparently higher risk of 4-year HIV disease progression among patients starting and remaining on an antiretroviral therapy combination including RAL, compared to those starting and remaining on a combination including EFV with the same backbone using a per-protocol analysis. However, the apparent difference in incident AIDS or all-cause death was largely eliminated upon jointly accounting for nonrandom sampling, treatment allocation, and dropout. Crude and adjusted results were similar when we ignored treatment changes using an observational equivalent of intent-to-treat analysis. Findings indicate a similar 4-year clinical effect of RAL or EFV initial antiretroviral therapy, with the same backbone of FTC and TDF. Existing randomized evidence has concentrated on relatively short-term virologic endpoints and lack the statistical power to evaluate clinical endpoints, including mortality. Efavirenz and RAL have only been compared once in a large randomized clinical trial of treatment-naive patients [1, 20] . In that trial, RAL or EFV was paired with FTC and tenofovir: virologic suppression rates were similar at 48 and 96 weeks. After 5 years of follow-up, virologic suppression was greater in the RAL arm, driven predominantly by discontinuation in the EFV arm [21] . Serious clinical events and deaths were uncommon and similar between arms. Other integrase inhibitors have been compared to EFV in randomized trials in treatment-naive patients and results were similar to those seen with RAL. One trial demonstrated superiority of the integrase inhibitor in maintaining virologic suppression over 96 weeks, again driven by discontinuations in an EFV arm [22, 23] , and another trial demonstrated similar viral suppression outcomes between the integrase inhibitor arm and an EFV arm [24] [25] [26] .
Our results are subject to limitations. Foremost, patient sampling, treatment allocation, dropout, and treatment changes were not randomized. It does not appear that sicker individuals (defined by lower CD4 cell count, higher viral load, and prevalent AIDS diagnosis) were more likely to receive the RAL regimen. However, physicians may be channeling patients to RAL for reasons not captured in the set of adjustment variables. For example, RAL may be prescribed preferentially for those with cardiovascular or liver disease [27] . Moreover, patients expected to be less compliant may be prescribed RAL preferentially, thereby causing a weakened protective effect of RAL vs EFV. Dropout and treatment changes were relatively balanced across treatment groups. While we accounted for differences due to measured variables, there might have been unmeasured causes in common with AIDS or death, which could bias our results. Second, our results are relatively imprecise due to the small number of outcomes in the RAL group, which is a result of a combination of recent uptake and treatment effectiveness. Indeed, we allow patients to enter follow-up beginning 12 October 2007 when RAL was FDA approved, but few patients started first-line RAL before 2009 when it was recommended in the US Department of Health and Human Services guidelines. In particular, the small size of the RAL group precludes our ability to explore how risk differs for subgroups (eg, age). Moreover, the improved effectiveness of antiretroviral therapies and the small number of treatment-naive patients with long-term integrase inhibitor experience make differences in risk especially difficult to detect in randomized or nonrandomized studies. Third, our results might be biased due to measurement errors. However, data from both the CNICS and the CDC are produced under strict quality guidelines. Moreover, key variables used here (including demographic characteristics, treatment regimen, AIDS diagnoses, and deaths) are carefully collected and reviewed or adjudicated and likely measured with only negligible error. We did not provide details regarding cause of death; quantifying cause of death is difficult generally, and particularly so in the modern era of HIV as relatively sharply defined AIDS-related deaths recede and a large set of heterogeneous causes emerges. Fourth, we assume correct specification of the models used to estimate the inverse probability weights.
The data employed here are among the highest quality and quantity available in the United States from HIV observational cohorts, and experimental evidence is not forthcoming. Observational cohort studies collecting comprehensive longitudinal data provide a valuable source of information supplementing estimates from randomized trials. In the absence of data from randomized trials, rich prospective observational data coupled with logically principled quantitative methods provide the best available evidence for assessment of comparative effectiveness. In our study, reweighting of the observed data [28, 29] accounted for measured imbalances in treatment allocation and dropout (and treatment stops) and so removed confounding and selection bias associated with observed variables. This reweighting provides an internally valid estimate of the treatment effect, assuming we measured (and correctly modeled) a correct set of variables. The data were further reweighted to account for measured imbalances between the CNICS sample and the CDC population, and therefore removed sampling bias associated with observed variables. This accounting provides an externally valid estimate of the treatment effect, assuming we measured (and correctly modeled) a correct set of variables.
Although there is some experimental evidence for a short and moderate-term advantage of integrase inhibitor regimens on viremia, our analysis indicates a similar clinical effect to 4 years. Continuing assessment of the longer-term comparative effectiveness of these regimens using observational data is needed.
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